Purpose: To provide clinically useful gadolinium-free whole-body cancer staging of children and young adults with integrated positron emission tomography/magnetic resonance (PET/MR) imaging in less than 1 h. data processing was compared before (n = 5) and after (n = 15) time-saving interventions, using a Wilcoxon test. The ferumoxytol-enhanced PET/MR images were compared with clinical standard staging tests regarding radiation exposure and tumor staging results, using Fisher's exact tests.
Introduction
Children and young adults with a newly diagnosed malignant tumor often have to undergo multiple imaging tests, such as an ultrasound, X-rays, computed tomography (CT), magnetic resonance (MR) imaging, and/or a bone scan, in order to determine the extent of the primary tumor and metastases in the whole body [1] [2] [3] . Results of these staging tests help to estimate prognosis and plan the most appropriate therapy. Recent developments aim to provide Bone-stop^cancer staging in one imaging session-and thereby improve time-and cost-efficiency, reduce stress for the family, and avoid repetitive anesthesia.
2-Deoxy-2-[ 18 F]fluoro-D-glucose ([ 18 F]FDG) positron emission tomography (PET) with integrated computed tomography (CT) has been established as a one-stop whole body staging test for pediatric patients with lymphomas [4, 5] . [ 18 F]FDG PET/CT has been also found valuable for the detection of lung, bone, and nodal metastases in pediatric patients with malignant sarcomas [6, 7] . However, due to the limited soft tissue contrast of CT, patients with sarcomas often have to undergo an additional MR scan to determine the location and extent of their primary tumor. In either case, [ 18 F]FDG PET/CT is associated with considerable radiation exposure, a particular concern for children with cancer.
Integrated [ 18 F]FDG PET/MR is an attractive alternative to [ 18 F]FDG PET/CT [8] and whole body CT [9, 10] . Since it uses MR data for anatomical co-registration of [ 18 F]FDG PET data [11, 12] , [ 18 F]FDG PET/MR is associated with significantly lower radiation exposure compared to [ 18 F]FDG PET/CT [13] . In addition, in patients with sarcomas, [ 18 F]FDG PET/MR could potentially reduce a current Btwo-or three-stop^staging approach (MRI plus PET/CT or MRI plus CT plus bone scan) to a one-stop staging approach. However, the long acquisition times of current [ 18 F]FDG PET/MR tumor staging protocols have generated a major hurdle for pediatric applications: Current PET/MR cancer staging protocols take 1-2 h [8, 14] , while a standard PET/CT scan takes about 15-20 min [15] . Furthermore, recent reports about gadolinium deposition in the brain have raised concerns about the safety of gadolinium chelates for MR imaging scans [16] . The goal of our study was to provide gadolinium-free cancer staging of children and young adults with integrated [ 18 F]FDG PET/ MR imaging in less than 1 h. To accomplish this goal, we utilized the Food and Drug Administration (FDA)-approved iron supplement ferumoxytol (Feraheme) Boff label^as a MR contrast agent, we limited MRI acquisition times to the time needed for each PET bed position, we mapped the workflow for our pediatric [ 18 F]FDG PET/MR exams and applied time-saving interventions. We compared tumor staging results of our new imaging test with standard staging tests.
Materials and Methods

Patient Population
This prospective, non-randomized, health insurance portability and accountability act (HIPAA)-compliant clinical trial was approved by our institutional review board and was performed under an investigator-initiated investigational new drug (IND) application for off label use of ferumoxytol as a contrast agent (IND 111, 154) . From May 2015 to December 2016, we recruited 20 cancer patients (age 18.9 ± 5.5 years; range 11-30) with the following inclusion characteristics: (1) age 8 to 30 years, (2) solid extracranial tumor, and (3) willingness to participate in a research PET/MR scan. Exclusion criteria comprised the following: (1) central nervous system tumor, (2) MRI contraindications, (3) hemosiderosis or hemochromatosis, (4) history of any allergies to contrast agents or any severe allergies to other substances, or (5) pregnancy. We recruited 14 females (mean age 19.8 ± 4.8 years; range 14-29) and 6 males (mean age 16.8 ± 2.6 years; range 11-30; Supplemental Table 1 ) with lymphoma (n = 7), Ewing sarcoma (n = 3), osteosarcoma (n = 4) or soft tissue sarcoma, nasopharyngeal carcinoma, ovarian steroid cell tumor (a sex cordstromal tumor of the ovary with malignant potential, accounting for less than 0.1 % of all ovarian tumors) [17] , hepatocellular carcinoma, osteoma, or recurrent Wilms tumor (n = 1 each).
PET/MR: Technology and Streamlining the Workflow
All patients fasted for at least 4 h before the scan (mean pre-scan blood glucose 84 mg/dl; range 61-107 mg/dl). The patients had the option to receive the PET/MR directly after their clinical PET/ CT scan (single   1   [ 18 F]FDG dose: 5 Megabequerel (MBq) per kg bodyweight; consististing of one single contrast enhanced CT for both attenuation correction and diagnostic purposes using the Bexpert mode^application, available through Rad Rx software (GE Healthcare). The PET/CT is performed in Barms up^position and includes a low-dose CT of the head, followed by a diagnostic breath-hold contrast-enhanced CT of the neck, chest, abdomen and pelvis, and a low-dose CT of the legs. Alternatively, patients could choose to receive a PET/MR scan on a separate day than their PET/CT scan. In this case, a second, lower radiotracer dose was administered for the PET/MR (the lower dose was possible due to the higher sensitivity of the PET detector in our PET/MR system). All patients chose the second option and underwent an integrated PET/MR scan ( To set up a time-efficient protocol, we considered the PET data acquisition the time-limiting step. We first prescribed axial PET acquisition slabs (25 cm axial FOV; 4 min per slab) for whole body staging and filled these slabs with axial in and out-of phase T1-weighted liver acquisition with volume acquisition (LAVA) (3D Fast Spoiled Gradient Echo) sequences for attenuation correction, higher resolution LAVA sequences for anatomical co-registration, and diffusion-weighted (DWI) sequences (Table 1) . We then added T1-and T2-weighted Fast Spin Echo (FSE) sequences in appropriate orientations for local staging of the primary tumor. We adjusted the FOV to the size of the patient. Applied FOVs ranged from 48 cm for the lungs and abdomen, to 24 cm for the extremities and to 18 cm for the scapula. We added axial sequences for pulmonary nodule evaluation: In addition to the above-mentioned LAVA sequence, we scanned the chest with an axial T2-weighted FSE sequence and an axial periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER) sequence (Table 1) . We monitored each patient with a breathing belt. The axial and coronal LAVA sequences were acquired in a 16 s breath-hold in mid-expiration phase. The T2 PROPELLER sequence was acquired during free breathing.
The PET data was reconstructed using a 3D time of flight iterative ordered subsets expectation maximization algorithm (24 subsets, 3 iterations, temporal resolution = 400 ps, matrix 256 × 256; voxel size 2.8 × 2.8 × 2.8 mm), accounting for attenuation from coils and patient cradle.
We mapped the workflow according to three main components: (1) patient preparation time, (2) PET/MR scan time, and (3) post-processing time (Fig. 1a) . We measured the time for each step in this workflow and created questionnaires to evaluate satisfaction with the PET/MR procedure by patients and radiologists (Supplemental Fig.  1a, b) . Based on initial results from the first five patients, we identified and applied time-saving interventions and then reevaluated the same metrics in the next 15 patients.
Diagnostic Value of PET/MR for Pediatric Cancer Staging
Several studies have shown that PET/MR and PET/CT have comparable sensitivities for tumor detection [8, [18] [19] [20] . This is not surprising as PET is more sensitive than CT alone for tumor staging [21, 22] . To evaluate, whether our streamlined PET/MR protocol provided equal or improved diagnostic information compared to clinical standard staging tests, we compared our PET/MR data with clinical standard staging tests, obtained within 7 days before or after the PET/MR scan. These included an integrated [ 18 F]FDG PET/CT (n = 7 patients with lymphoma), [18F]FDG PET/CT plus MRI (n = 1 patient with nasopharyngeal carcinoma, osteosarcoma, and hepatocellular carcinoma, respectively; Discovery 690, GE Healthcare, Milwaukee, USA) and a combination of local MRI (Discovery 750, GE Healthcare, Milwaukee, USA), diagnostic CT (Somatom Dual Flash; Siemens, Erlangen, Germany), and bone scan (Infinia, GE Healthcare, Milwaukee, USA) in n = 11 patients with other tumors, described above. Of note, the PET/CT scan at our institution includes a diagnostic CT of the chest, abdomen, and pelvis, obtained in the expert mode [23] .
A board-certified nuclear medicine physician (A.Q.) and a board-certified pediatric radiologist (H.E.D.) recorded in consensus, if PET/MR and standard staging tests provided concordant information (yes/no) regarding (1) organ of 
Radiation Dose Calculation
The radiation exposure due to the PET/MR exam was compared with the radiation exposure due to PET/CT and CT exams for tumor staging in our patients: The effective dose from the [ 18 F]FDG injection was calculated using the age-specific conversion factors published by the International commission on radiological protection [24] . To calculate radiation exposure from CT exams, the sizespecific conversion factors from the dose length product (DLP) to effective dose were calculated for each patient. The lateral length across the mid-liver region was measured on axial CT images, multiplied with established conversion factors [25] and fitted against the lateral width of five phantoms using an exponential equation and Excel (Microsoft, Redmond, USA). The lateral width of each patient was considered to calculate the size-specific conversion factor. Lastly, effective dose was obtained by multiplying the DLP and calculated conversion factor.
Lung Nodule Detection
A pediatric radiologists (L.L., 5 years of experience) and a fourth-year radiology resident (A.T.) counted pulmonary nodules on PET/MR and PET/CT studies, in a random order and with an interval of at least 2 months between the readings to avoid recall bias. Since current clinical treatment protocols for sarcomas change management for multiple pulmonary nodules ≥3 mm or a single nodule ≥5 mm [26] , we categorized pulmonary nodules with sizes of 1-2, 3-4, 5-9, and ≥10 mm.
As a first step, the reviewers compared the number and size of pulmonary nodules on LAVA, T2-FSE, and T2-PROPELLER sequences. The most sensitive sequence was then used for comparisons of PET/MR and PET/CT. Finally, the reviewers evaluated in consensus how many pulmonary nodules were missed due to limited anatomical resolution (not visible) or artifacts (obscured).
Statistical Analyses
Time needed for patient preparation, PET/MR image acquisition, and data processing was compared before (n = 5) and after (n = 15) time-saving interventions, using a paired or unpaired exact Wilcoxon test. Comparison of our PET/MR images with clinical standard staging tests regarding radiation exposure and tumor staging results was compared with a Fisher's exact tests. All statistical analyses were done with Stata Release 14.2 (StataCorp LP, College Station, USA), using a significance level of 0.05.
Results
PET/MR: Technology and Streamlining the Workflow
To streamline patient preparation times, we provided patients with a screening form in advance of their appointment, we explained the imaging procedure in detail during the [ 18 F]FDG uptake time, and we reduced the waiting time between [ 18 F]FDG injection and entering the scanner room from 60 to 45 min since voiding and placing surface coils for PET/MR data acquisition accounted for 15 min. To minimize the patient's time in the scanner, we instructed patients to practice breath-hold maneuvers during the FDG uptake time; we used an optimized, tumor-type tailored imaging protocol as described above, and we ensured real-time scan checks by a radiology resident. Image acquisition time and repetitions decreased with increasing experience of the imaging team. PET and MR data could only be fused on the main PET/MR console and was initially delayed due to interference with other scans. We accelerated the fusion process by scheduling dedicated time for it. To accelerate data transfer to the picture archiving and communication system (PACS), we separated images under two accession numbers: (1) Diagnostic scans containing axial and coronal contrast-enhanced LAVA images of the whole body (similar to a whole body CT scan) with and without [ 18 Fig. 1d ). The first five scans consisted of ± 10,844 images, and took 23 ± 8 min for patient preparation, 36 ± 6 min for head to mid thigh PET/MR image acquisition and 8.2 ± 7.2 h for data postprocessing and PACS transfer (Fig. 1b) . After the above-mentioned interventions, diagnostic scans consisted of 4938 ± 1325 images and took 11 ± 6 min for patient preparation, 24 ± 4 min for head to mid thigh PET/MR image acquisition, and 1.2 ± 0.3 h for data postprocessing and PACS transfer. Acquisition times for additional sequences through the primary tumor and the lungs ranged from approximately 20 to 30 min. The time savings of 12 min for patient preparation, 12 min for the PET/MR scan, and 7 h for post-processing were statistically significant (p = 0.011, p = 0.001, and p = 0.007, respectively). Exam loading time on the PACS system also significantly decreased from 6 min to less than 1 min (p = 0.012).
Diagnostic Value of PET/MR for Pediatric Cancer Staging
The radiation exposure of PET/MR studies (mean 3.4 mSv) was significantly lower compared to PET/CT (mean 13.1 mSv; p = 0.0033). There were no adverse events due to the ferumoxytol injection. Ferumoxytol provided long-lasting vascular enhancement, which provided excellent vessel and tumor delineation for the duration of the entire scan (Figs. 2, 3, 4 , and 5). The ferumoxytol-enhanced PET/MR scans provided equal or superior tumor staging results compared to clinical standard tests in 17 out of 20 patients. Nine of the 20 patients had concordant diagnostic findings on PET/MR and standard staging tests (Table 2) , including six of the nine patients with lymphomas (Fig. 2) , two with osteosarcomas, and one patient with steroid cell ovarian tumor. Eight patients had discordant findings on the PET/MR, not seen on the standard imaging test (Table 2 ): This included a soft tissue sarcoma with hypermetabolic tumor areas close to renal vessels (Fig. 3) , a Ewing's sarcoma of the humerus which could be better delineated from surrounding edema (Fig. 4) and a recurrent Wilms tumor which could be better delineated from adjacent bowel (Fig. 5) . This information was considered clinically important for surgical decision making. Three patients showed better tumor delineation on PET/MR and better pulmonary nodule detection on CT and would therefore likely have benefitted from a Btriple^scan. Six patients had additional findings on standard imaging tests, not seen on the PET/MR. These were all instances of pulmonary nodules. A detailed description of the findings for each patient according to our criteria is listed in Supplemental  Table 2a and superior PET/MR findings and the clinical relevance are listed in Supplemental Table 2b .
Lung Nodule Detection
The sum of all staging tests at baseline and follow-up imaging over at least 6 months were employed as standard of reference and detected a total of 148 pulmonary nodules in nine patients. Eight of the nine patients with pulmonary nodules had one to eight pulmonary nodules, while the ninth patient had a total of 117 nodules (Table 3 ). The T1-weighted LAVA sequence detected fewer pulmonary nodules (53) compared to the T2-FSE (107) and T2-PROPELLER (107) sequences. The T2-FSE sequence had better vessel contrast yet showed more pronounced breathing artifacts compared to the T2-PROPELLER sequence (Supplemental Fig. 2) . Therefore, the T2-PROPELLER sequence was chosen for pulmonary nodule staging in our PET/MR protocol.
We compared our PET/MR images with standard PET/ CT images for pulmonary nodule staging. The CT-part of the PET/CT revealed 144 total nodules, including 56 ≥ 10 mm, 48 between 5 and 9 mm, 32 between 3 and 4 mm, and 12 G 3 mm, respectively. The MR-part of the PET/MR detected 107 total nodules with 56 ≥ 10 mm, 42 between 5 and 9 mm, 8 between 3 and 4 mm, and 1 G 3 mm in size, respectively. Considering nodules ≥5 mm, detection was 100 % (104/104) for PET/CT and 94 % (98/104) for PET/MR, while for nodules G5 mm, detection was 100 % (44/44) for PET/CT and only 20 % (9/44) for PET/MR (Fig.  6, Table 4) .
We found more [ 18 F]FDG-avid pulmonary nodules on the PET scan of the PET/MR (n = 72) compared to the PET scan of the PET/CT (n = 61) (Table 4) , even though we applied a lower [ 18 F]FDG dose (2-3 MBq/kg) for the PET/MR than for the PET/CT (5 MBq/kg). However, PET-data acquisition times for the PET/MR were longer (4 min per bed position) compared to the PET/CT studies (2-3 min per bed position). All nodules with a size of less than 5 mm did not show [ 18 F]FDG uptake on the corresponding PET scan. There were no pulmonary nodules seen on the PET scan and not seen on the corresponding MR.
To determine if nodules missed on the MR-part of the PET/MR were missed due to insufficient anatomical resolution, we checked if CT-visible nodules could be detected retrospectively on the corresponding MR. Supplemental Table 2 shows that our MR scans had an in-plane resolution similar to the diagnostic chest CT scans. The difficulty in detecting nodules with a size of less than 5 mm arose from an inability to distinguish small nodules from small vessels, which could not be continuously followed on subsequent slides as in a CT scan as well as respiratory or cardiac motion artifacts (Supplemental Fig. 3 ).
Discussion
Our streamlined PET/MR protocol for gadolinium-free cancer staging of children and young adults provided superior tumor diagnosis and 74 % reduction in effective dose compared to standard clinical imaging tests. Ferumoxytol-enhanced PET/MR provided clinically important detail about the primary tumor and excellent detection of pulmonary nodules ≥5 mm. However, the detection of pulmonary nodules G5 mm needs to be improved. Interestingly, the PET-part of the PET/MR outperformed the PET-part of the PET/CT in detecting [ 18 F]FDG-avid pulmonary nodules.
Tailored PET/MR tumor staging is important for pediatric patients to ensure high image quality [27] and time and cost efficiency [14, 28, 29] , and to minimize sedation times [30] . Previous PET/MR studies in pediatric patients evaluated the head to mid thighs with T2-weighted sequences in 60 and 45 min, respectively [8, 14] . We covered the same area in 24 min, using axial ferumoxytol-enhanced T1-weighted sequences, which are faster, provide better vessel delineation and anatomical information at a resolution that better matched a PET/CT scan [31] . To cover the whole body from head to toe, we added additional bed positions depending on the patient height, which resulted in additional 4-12 min of scan time. However, this still resulted in shorter time intervals for whole body scans compared to previous approaches and permitted the addition of dedicated highresolution sequences for pulmonary nodule detection as well as dedicated imaging of the primary tumor. Previous PET/MR studies in adults [15, 32] and children [8, [18] [19] [20] used unenhanced Short Tau Inversion Recovery (STIR) and LAVA sequences for whole body anatomical orientation. Huellner et al. reported inferior tumor delineation on unenhanced STIR and LAVA images compared to PET/CT [15] . Protocols of the Children's Oncology Group mandate a contrast-enhanced CT of the neck, chest, abdomen, and pelvis for patients with lymphoma and a contrast-enhanced MRI for local staging of sarcomas. We used the blood pool agent ferumoxytol to achieve long-lasting vascular and tissue contrast enhancement on T1-weighted LAVA MR scans throughout the entire duration of a PET/MR scan, i.e., whole body and primary tumor staging. This would be difficult to achieve with gadolinium-based contrast agents. Klenk et al. showed that gadolinium-based contrast agents are not necessary to evaluate a primary tumor or visceral metastases on clinical PET/MR exams except for focal liver lesions [33] . These results encouraged us to omit gadolinium chelates from our study protocol. In contrast to gadolinium-based contrast agents, ferumoxytol provides improved delineation of tumor in liver, spleen, and bone marrow [34] [35] [36] . Since phagocytic cells in the bone marrow take up iron, healthy marrow and reconverted 2  117  56  91  67  100  3  8  2  7  1  8  4  1  1  1  1  1  7  3  1  2  1  3  9  7  1  1  1  4  10  4  -3  0  3  14  5  -2  1  2  15  1  0  0  0  0  16 hypercellular marrow exhibit a hypointense signal on T2-weighted sequences, whereas malignant marrow appears hyperintense [34] . Our results showed that our ferumoxytol-enhanced whole body scans provided equal or superior diagnostic results compared to current clinical standard tests in 17 out of 20 patients. While gadolinium chelates have been associated with a risk of nephrogenic sclerosis [37] and gadolinium-deposition in the brain [16] , ferumoxytol nanoparticles do not cross the blood-brain barrier [38] and can be administered safely in patients with renal insufficiency [39, 40] . However, both contrast agents have been associated with a risk of severe allergic reactions [39] . Although different numbers are found in the literature, the overall risk for a severe allergic reaction is very small [41] . In accordance with studies by Ponisio et al. [8] , we noted a high concordance of PET/MR and PET/CT findings for patients with lymphoma. This justifies further studies in larger patient populations and potential future conversion to PET/MR staging for this patient population.
We found additional information on PET/MR imaging studies, not seen on PET/CT, CT, or MRI, in 8 out of 20 patients (40 %). This is in accordance with reports by Schaefer et al. [18] , who reported that PET/MR changed initial staging compared to PET/CT in 25 % of patients and Hirsch et al. [14] , who reported improved delineation of hypermetabolic biopsy sites on PET/MR studies. Since pediatric cancers are rare, a single institution can only acquire limited experience. We initiated a consortium effort with the goal to pool these experiences towards diseasespecific conclusions (i.e. who will benefit from a PET/MR as opposed to a PET/CT).
Our PET/MR protocol led to 74 % reduced radiation exposure compared to standard clinical imaging tests. This is improved compared to previous studies (39 % reduction), which used a dose of 5.55 MBq/kg body weight for the PET/MR and PET/CT [8] . We could administer a lower dose of 2-3 MBq/kg for the PET/MR because of a higher sensitivity of the PET detector in our PET/MR scanner and longer PET data acquisition times compared to PET/CT scans. Minimized ionizing radiation exposure is important because it can reduce the risk of secondary malignancies later in life [42, 43] .
We achieved a satisfactory detection of 94 % pulmonary nodules ≥5 mm. Yet, we missed the majority of pulmonary nodules G5 mm due to an inability to follow vascular structures on PET/MR images. Surprisingly, the PET-part of the PET/MR detected more [ 18 F]FDG-avid pulmonary nodules than the PET-part of the PET/CT. This may be due to the high detector sensitivity and time-of-flight PET capabilities of our PET/MR scanner and longer PET data acquisition times compared to PET/CT [44, 45] .
Limitations of our study include the relatively small study population. Cancer in children and adolescents is rare, and therefore patient numbers at single institutional studies are inherently small [8, 14] ; however, our sample mirrors the distribution of malignancies in that population [46, 47] . Our study only evaluated patients at baseline. Further studies on the value of PET/MR for treatment monitoring are ongoing.
Previous studies have reported that the T2-signal effect of iron oxides can affect MR-based attenuation correction algorithms [48] . All tumors evaluated in our study showed strong [ 18 F]FDG metabolism. Treatment monitoring in pediatric tumors is dependent on semi-quantitative scores rather than standardized uptake values [49] . Future studies have to show if the specific iron signal in the bone marrow could be leveraged for improved attenuation correction calculations.
Conclusion
We streamlined PET/MR procedures for one-stop cancer staging of pediatric patients in less than 1 h. Our ferumoxytol-enhanced PET/MR protocol avoided the administration of gadolinium chelates, lead to 74 % reduced effective radiation dose compared to PET/CT, and provided equal or superior tumor staging results compared to clinical standard tests in 17 out of 20 patients. The detection of pulmonary nodules with a size of less than 5 mm needs to be improved, yet PET/MR provides comparable detection rates for nodules equal or greater than 5 mm and detects [ 18 F]FDG-avid nodules better than PET/CT.
